Abstract Regeneration of periodontal tissues, particularly cementum, is key to regaining periodontal attachment and health. Human periodontal ligament stem cells (hPDLSCs) have been shown to be a good cell source to regenerate periodontal tissues. However, their subpopulations and the differentiation induction in relation to cementogenic lineages is unclear. Thus, we aim to examine the expression of cementum-associated genes in PDLSC subpopulations and determine the effect of broadly used osteogenic stimulus or vitamin C (VC) on the expression of cementogenic and osteogenic genes in PDLSCs. Our real-time quantitative polymerase chain reaction (qPCR) analysis showed that cementogenic marker cementum attachment protein ( expression in these subpopulations was not different from the original pool. Notably, under the stimulation with osteogenic differentiation medium, CAP and CEMP1 were downregulated while osteogenic markers bone sialoprotein (BSP) and osteocalcin (OCN) were upregulated. Both CAP and CEMP1 were upregulated by VC treatment. Transplantation of VC-treated PDLSCs into immunocompromised mice resulted in forming significantly more ectopic cementum-and bone-like mineral tissues in vivo. Immunohistochemical analysis of the ectopic growth showed that CAP and CEMP1 were mainly expressed in the mineral tissue and in some cells of the fibrous tissues. We conclude that osteogenic stimulation is not inductive but appears to be inhibitory of cementogenic pathways, whereas VC induces cementogenic lineage commitment by PDLSCs and may be a useful stimulus for cementogenesis in periodontal regeneration.
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Introduction
The periodontal ligament (PDL) plays a pivotal role in the maintenance of a healthy root function in relation to its supporting bone (Melcher 1976) . The PDL harbors periodontal ligament stem cells (PDLSCs) (Seo et al. 2004 ) that have been shown to express typical mesenchymal stem cell (MSC) markers such as STRO-1, CD13, CD29, CD44, CD59, CD90, CD146 and CD105 (Huang et al. 2009; Yu et al. 2015) . PDLSCs form colony-forming unit-fibroblasts (CFU-Fs) with the potential to differentiate into multiple cell lineages in cultures as well as generate ectopic cementum-/PDL-like tissues in vivo (Gay et al. 2007; Huang et al. 2009; Seo et al. 2004; Yu et al. 2015) . PDLSCs have the capacity to regenerate periodontium thereby restoring periodontal defects, as demonstrated in large animal studies such as swine using either an autologous or allogenic cell source (Ding et al. 2010; Liu et al. 2008; Menicanin et al. 2014) . A case report has shown that patients with periodontal bone loss treated with PDL progenitors regained periodontal attachment with significant pocket reduction and no adverse effects were observed (Feng et al. 2010) . PDLSCs appear to participate in the formation of cementum on the root surface, PDL and bone (Isaka et al. 2001; Seo et al. 2004 ). Therefore, PDLSCs may give rise to cementoblasts, PDL fibroblasts and osteoblasts. From the perspective of periodontal regeneration, cementogenesis is an important step because new cementum on the root surface is needed to re-establish the new fibrous attachment formed by the regenerated PDL (Saygin et al. 2000) . There are two markers that have been found to be expressed in cementogenic cells: cementum attachment protein (CAP) and cementum protein 1 (CEMP1; also called CP23). Both markers have been identified in progenitor cells of the PDL as well as in cementoblasts (Alvarez-Pérez et al. 2006; Liu et al. 1997) . CAP, as a collagen-like protein, is restricted to periodontal cell lineages (BarKana et al. 2000; Metzger et al. 1998) . CAP is localized in the cementum matrix, PDL and perivascular cells of alveolar bone (Arzate et al. 1992 ). CEMP1, a non-collagen protein, is highly expressed by cementoblasts and subpopulations of the PDL located in the paravascular zone in the periodontium (Alvarez-Pérez et al. 2006) . It promotes octacalcium phosphate crystal nucleation during the biomineralization process (Villarreal-Ramírez et al. 2009 ).
A recent study has shown that tissue-nonspecific alkaline phosphatase (ALP)-positive PDL cells express higher levels of CEMP1 than ALP-negative cells, indicating that ALP + PDL cells are potentially a subpopulation of cementogenic progenitors (Komaki et al. 2012) . It has also been considered that cementogenic progenitors are derived from the pool of PDLSCs. STRO-1 and CD146 subpopulations of PDLSCs appear to participate in the formation of cementoblasts in the inflamed condition in vivo (Chen et al. 2006 ). As indicated above, cemenotogenesis plays an important role in cell-based periodontal regeneration, thus identifying subpopulations in PDLSCs, or an approach to enhance PDLSC commitment into cementogenic lineages may help periodontal regeneration. In the present study, we aim to examine the levels of cementum-associated CAP and CEMP1 in different sub-populations of human (h) PDLSCs including ALP + , STRO-1 + and CD146 + cells and to test whether the commonly used osteogenic stimulus can induce cementogenic genes both in vitro and in vivo.
Materials and methods

Cell cultures
PDL tissues were removed from extracted third molars (n = 20 teeth) of healthy patients between 14 and 30 years old in the Oral Surgery Clinics at Boston University (BU) or University of Tennessee Health Science Center (UTHSC). The patient sample collection in this study was based on approved exempt protocols by the Institutional Review Board (IRB) of BU (#H-28882) and UTHSC (12-01937-XM); no patient consents were needed. The tissues were minced into 1 × 1 × 1 mm fragments, digested in collagenase/dispase and filtered through a 70-μm strainer to obtain single-cell suspensions as described previously Seo et al. 2004; Yu et al. 2015) . Seeded cells were grown in α-minimum essential medium (α-MEM; Life Technologies/GIBCO BRL, Gaithersburg, MD, USA) supplemented with 10 % fetal bovine serum (FBS), 2 mM L-Glutamine, 100 μM L-ascorbic acid-2-phosphate and antibiotic/antimycotic agents as the regular growth medium (GM; pH 8.1); and maintained under 5 % CO2 at 37°C.
The formation of CFU-F was observed and allowed to expand for passaging. These heterogeneous population of PDLSCs isolated from each donor/tooth were grown separately without mixing with cells from a different donor/tooth. Heterogeneous population of PDLSCs were split (1:3 ratio) at ∼80 % subconfluence for passaging.
Immunocytofluorescence analysis
The following primary antibodies were used: mouse anti-bovine: CAP IgG1 (detects CAP of human and bovine origin) and goat anti-human CEMP1 IgG1. Secondary antibodies included goat anti-mouse IgG1 Alexa Fluor 594 and donkey anti-goat IgG1 Alexa Fluor 594. All detailed information on the antibodies is listed in Supplemental Table 2 .
Cells grown in chamber glass slides (8 wells) or in culture plates were washed with phosphate-buffered saline (PBS) and fixed with 100 % ice-cold methanol for 7-10 min. After PBS washing, cells were blocked with 5 % goat serum in PBS or in blocking buffer [32.5 mM NaCl, 3.3 mM Na 2 HPO 4 , 0.76 mM KH 2 PO 4 , 1.9 mM NaN 3 , 0.1 % (w/v) bovine serum albumin (BSA), 0.2 % (v/v) Triton-X 100, 0.05 % (v/v) Tween 20 and 5 % goat serum] for 30 min. The primary antibody was then added directly to cells and incubated for 1 h at room temperature and washed with PBS for 3 times, each for 5 min on a rocker. After the PBS wash, a secondary antibody in the blocking buffer was added and incubated for 1 h at room temperature in the dark. Subsequently, cell nuclei were stained with 4', 6-diamidino-2-phenylindole dihydrochloride (DAPI) for 3 min. Images were analyzed under a fluorescence microscope.
Flow cytometry
Subconfluent cells were harvested for analysis and the antibodies used were the following: primary antibody: anti-STRO-1 PerCP Cy5.5, CD73, CD90, CD105 and CD146 all mouse anti-human; mouse anti-bovine CAP IgG; goat antihuman CEMP1 IgG; secondary antibody: goat anti-mouse IgG (FITC) and mouse anti-goat IgG FITC; with non-immune, isotype-matched control antibodies: conjugated mouse IgG or IgM (Invitrogen) and goat IgG. All antibody information is listed in Supplemental Table 3 .
For direct single staining of cell surface antigens, cell aliquots (2-8 × 10 5 cells) were washed with 1 % BSA in PBS, re-suspended in a buffer (0.1 % FBS in PBS) for 15 min at room temperature and incubated with conjugated antibodies according to the manufacturer's recommendations. For intracellular antigens (CAP and CEMP1), single cell suspensions were first fixed in 4 % paraformaldehyde in PBS for 10 min, washed with the buffer, permeabilized in 0.1 % Triton-X100 for 10 min, washed with the buffer again and incubated with the antibodies for 1 h at 4°C in the dark, then washed twice and re-suspended in 1 % BSA in PBS (staining buffer) for analysis on a flow cytometer (LSRII flowcytometer; BD Biosciences) using the FlowJo X software (BD Biosciences).
If double-staining was used, the antibody mouse anti-STRO-1 IgM PerCP cy5.5 was incubated with the primary antibody mouse anti-CD146 IgG1. The cells were washed twice and then incubated with the secondary antibody goat anti-mouse IgG FITC. After washing, cells were then resuspended in staining buffer for analysis. 10 7 ) were harvested and washed in a cell sorting buffer (0.5 % BSA and 2 mM EDTA in PBS, pH 7.2), centrifuged and resuspended in the blocking buffer, as used in FACS sorting, for 15 min at room temperature. APC-ALP antibody was then added to the cells and incubated in the dark for 60 min at 4°C. Cells were then washed twice in the sorting buffer and resuspended in 80 μL of sorting buffer. Twenty μL of Anti-APC microbeads were then added to the cells and mixed well followed by incubation for 15 min at 4°C in the dark. Subsequently, cells were washed in buffer and resuspended in 500 μL of sorting buffer and loaded onto a prepared column placed on a separator. The collected cells that flowed through the column were ALP − cells. The column was then removed from the separator and placed on a collection tube. The ALP + cells were collected from the column after adding the buffer and firmly pushing the plunger into the column. We found that using FACS or MACS yielded similar results (Yu et al. 2015) . In the present study, FACS was used for the data in Figs. 1, 2a and 3c and all other data that required sorting were from the MACS method.
Cell sorting
Osteogenic differentiation
Cells were seeded into 12-well plates, grown to ∼70-80 % confluence and incubated in osteogenic differentiation medium (OM; pH 8.0) containing osteogenic components: DMEM − subpopulations. Cells were at passage 1 for sorting, after which cells were plated (passage 2) in culture, grown to 80 % confluence and harvested for flow or qPCR analysis. b, c Flow cytometry analysis of CAP (b-b^, c-c^') and CEMP1 (b^'-b^^', c^^-c^^^') in the PDLSC pool or subpopulations. d-d^Immunocytofluorescence staining of CAP. PDLSCs at passage 1 were seeded into a 96-well plate at 1 cell/well. CAP was detected in one clone. d is the isotype IgG control, d', d^show red fluorescence. No positive staining of CAP when heterogeneous subpopulation was used. Scale bars (d, d) 100 μm; (d^) 50 μm. e, e' qPCR analysis of CAP and CEMP1 expression in STRO-1 (e) and STRO-1/CD146 (e') subpopulations. Significant differences between the pool and other subpopulations: *p < 0.05; **p < 0.0001. Data measured from two donors each assayed in triplicate medium (Life Technologies/GIBCO BRL) plus 10 nM dexamethasone, 10 mM β-glycerophosphate, 50 μg/ml ascorbate phosphate, 10 nM 1, 25 dihydroxyvitamin D 3 (VD 3 ) and 10 % FBS (Alongi et al. 2010; Liao et al. 2011) ; for various time points and then processed for analysis. All cell cultures were maintained under 5 % CO2 at 37°C. This differentiation medium has been broadly used for osteogenic studies for osteoblast differentiation. PDLSCs may undergo both odontogenic (cementogenic) and/or osteogenic differentiation. Therefore, the osteogenic differentiation medium may possess both lineages of induction. The medium was changed every 3 days. Cultures were harvested for reverse transcription (RT)-polymerase chain reaction (PCR) and RT-real time/quantitative (q)PCR. Some samples were tested in pilot studies and stained with Alizarin Red S after osteogenic stimulation (See Supplemental materials).
RT-PCR and RT-qPCR
The cells were harvested and total RNA isolated for first-strand cDNA synthesis. PCR was conducted using Platinum Blue PCR superMix (Invitrogen) with forward/reverse primers and cDNA template followed by 30 cycles of amplification. The sequence of primers is listed in Supplemental Table I and the detail procedures in Supplemental Materials and Methods.
For RT-qPCR, the SYBR green method was used as described by the manufacturers. Briefly, cDNA template was mixed with SYBR Green PCR Master Mix, forward/reverse primers and sterile distilled water to a final volume. The reaction mixture was placed in a 96-well plate, covered, centrifuged and then placed in a Real-Time PCR System for 40 cycles of amplification (detail procedures in Supplemental Materials and Methods).
Western blot
hPDLSCs (∼10 6 cells) were harvested and lysed in ice-cold RIPA buffer (Thermo Scientific, Rockford, IL, USA) that contained 1 % protease inhibitor (Thermo Scientific). Lysates were centrifuged at 12,000 rpm for 20 min. The supernatant was collected and protein concentrations were determined by PDLSC pools at various passages (p4, p8 or 9 and p16). Data represent mean ± SEM from three different donors each assayed in triplicate. Significant difference: *p < 0.001. d Western blot analysis of CEMP1 expression in the pool of PDLSCs from three different donors (B, III and II) at different cell passages. Bottom densities of each gel band after normalization against α-tubulin analyzed by ImageJ using a BCA (bicinchoninic acid) protein assay (Bio-Rad, Hercules, CA, USA). Laemmli sample buffer (Bio-Rad) was added to the lysate that was then heated to 95°C for 10 min. Forty μg of total cellular protein was loaded and fractionated on a 12 % SDS-PAGE (BiO-Rad), transferred onto a nitrocellulose membrane (Biorad), blocked with 5 % nonfat dry milk and incubated with primary antibodies against CAP (mouse antibovine CAP) and CEMP1 (rabbit anti-human CEMP1). Horseradish peroxidase-conjugated secondary antibodies were then added and the antigens were detected by enhanced − subpopulation PDLSCs under osteogenic induction for 1 (c, c'), 2 (c^, c^') or 3 (c^^, c^^') weeks. Representative data from one donor measured in triplicate. Significant differences between control and osteogenesis in each cell group: *p < 0.05, **p < 0.0001 chemiluminescence (ECL; GE Healthcare, Buckinghamshire, UK). Membranes were reprobed with anti-α-Tubulin antibody (Calbiochem, Billerica, MA, USA) for control of equal loading. Antibody information is listed in Supplemental  Table 5 . The luminescent protein bands were detected by Xray films.
In vivo transplantation
hPDLSCs (2-3 × 10 6 ) were treated or not treated with vitamin C (VC) (20 μg/mL) at subconfluence for 1 week. Cells were then trypsinized (all over-confluent at the point) and mixed with the carrier hydroxyapatite and tri-calcium phosphate (HA/TCP) powder (20 mg ; B erkeley Adva nced Biomaterials, Berkeley, CA, USA) in a 2 ml-tube and incubated with rotation for 90 min at 37°C. The mixture (2-3 × 10 6 cells/20 mg HA/TCP) was pelleted measuring ∼5 × 5 × 4 mm to be transplanted into the back of a NOD.CB17-Prkdc scid /J mouse under general anesthesia with isoflurane inhalation (female, ∼7 weeks old) (Jackson Labs, Bar Harbor, ME, USA). Each pelleted mixture was carefully transferred using a periodontal flap elevator instrument into the subcutaneous space (created by incision) of the mouse. Three mice were used for the study and each mouse received 4 transplants of mixtures (two on each side; one at the shoulder region and one at the hind leg region). Mice were given the analgesic carprofen 5-10 mg/kg and all survived the experimental interval without complications. Three months after implantation, the mice were euthanized using compressed CO 2 gas followed by a physical method and transplants removed for histological analysis. All animal procedures followed a protocol (#2081) approved by the Institutional Animal Care and Use Committee (IACUC) at UTHSC.
Histological examination and mineral tissue quantitation
The resected tissues were fixed with 10 % phosphate-buffered formalin and decalcified with 0.5 M EDTA (pH 8.0) for 4 weeks. The samples were dehydrated, embedded in paraffin blocks and sectioned (4 μm) for hematoxylin and eosin (H&E) staining. Some of the sections were used for immunohistochemical analysis. Quantitative analysis of mineral tissues was performed using ImageJ. Each tissue sample was sectioned into 9-12 sections and each section was analyzed using ImageJ. The entire area of HA/TCP granules and the small amount of tissues between the granules in each section was considered as the total area (Supplemental Fig. 1a) . The areas of the newly formed mineral tissues within the HA/TCP/ tissue mass were measured (Supplemental Fig. 1b ) and the % was calculated against the total area. Due to the irregularity in the shape of the granules and tissues, they were outlined using the freehand selection method and the areas were measured by ImageJ (Alongi et al. 2010; Jaha et al. 2016 ).
Immunohistochemistry
Deparaffinized sections were immersed in 3 % H 2 O 2 /methanol for 10 min to quench endogenous peroxidase activity followed by antigen retrieval with 0.05 % trypsin (Corning, Manassas, VA, USA) for 10 min at 37°C. After rinsing in distilled water, the sections were incubated with prediluted normal horse serum (Vector, Burlingame, CA, USA) for 30 min at room temperature to block non-specific protein binding sites. The sections were then incubated overnight at 4°C with primary antibodies, and prediluted biotinylated horse anti-mouse/rabbit IgG (H+L) (Vector) was used as a secondary antibody. For visualization of reaction products, sections were treated with 3, 3'-diaminobenzidine (DAB Substrate Kit; Vector) and then counterstained with Modified Mayer's Hematoxylin (Richard-Allan Scientific, Kalamazoo, MI, USA).
Primary antibodies used were as follows: mouse antibovine CAP, rabbit anti-human periostin (H-300), mouse anti-human bone sialoprotein (BSP); and rabbit anti-human CEMP1; and mouse anti-human mitochondria. Normal (preimmune) mouse/rabbit IgG as control was used under the same conditions as the primary antibodies. Antibody information is listed in Supplemental Table 6 .
Data analysis
The strategy for the statistical analysis was to test the null hypothesis that the outcome measurements are not different among the groups of interest in each of the experiments. One-way ANOVA was used to compare single factors among three or more groups. Two-way ANOVA was used to examine the effects of two independent factors and their interaction effect on the outcome. When data were collected from different donors, mixed-effects model was performed treating the donor as a random effect. If the main and/or interaction effect was found to be statistically significant, post hoc comparisons were examined by the Tukey HSD test. We calculated the adjusted p values using the Benjamini and Hochberg procedure. If the adjusted p value was smaller than the false discovery rate 0.05, the test was considered significant. Shapiro-Wilk's and Levene's tests were used to test the normality and homoscedasticity of the residuals, respectively, for each model. Log2 transformation was applied when the normality assumption was not met. When the assumption was not met, non-parametric procedures such as Kruskal-Wallis or Friedman's two-way nonparametric ANOVA were performed. Non-parametric comparisons for all pairs were performed using the Steel-Dwass method. Data are reported as mean±SEM. All analyses were performed using JMP ® Pro 10.0.0 and SAS 9.3 (SAS Institute, Cary, NC, USA).
Results
Subpopulations and their expression of CAP and CEMP1
We examined the STRO-1/CD146 subpopulations and determined if these cells expressed different levels of cementumassociated markers. Levels of CAP and CEMP1 in the pool or subpopulations of PDLSCs were determined using flow cytometry (Fig. 1a, a' ). Neither were detectable in either the pool, STRO-1 + /CD146 + , STRO-1 − /CD146 + , or STRO-1 − / CD146 − subpopulations by flow cytometry (Fig. 1b, c) .
Using immunocytofluorescence, we attempted to detect CAP and CEMP1. As shown in Fig. 1d ', d^, CAP was only detected in one of the passage 2 PDLSC cultures. CEMP1 was never detected by such an immunocytofluorescence analysis. With the qPCR approach, both markers were detected (Fig. 1e, e' ). There was generally no significant difference in the expression levels of CAP and CEMP1 between sorted subpopulations of STRO-1 + vs STRO-1
− , except that CAP in subpopulations was slightly higher than in the pool (1.1-to 1.4-fold).
With qPCR, we further compared the cementogenic marker expression in ALP + and ALP − subpopulations. Both CAP and CEMP1 expression were slightly higher (1.2-to 1.3-fold; however, there were no significant differences, p > 0.05) in ALP + compared with ALP − cells at lower passages 3-5 ( Fig. 2a) and only CAP (p < 0.05) and not CEMP1, was slightly higher in ALP + than ALP − at the higher passage 8 (∼1.2-fold; Fig 2b) . Whereas CAP expression fluctuated but remained at a similar level at passage 16 compared to that at passage 4, CEMP1 appeared to decrease at higher passages. (Fig. 2c) . With western blot analysis, we were able to detect CEMP1 but not CAP (Fig. 2d) . The protein levels of CEMP1 detected by western blot at different passages did not correlate with those found by qPCR.
Osteogenic stimulation downregulated CAP and CEMP1 expression
To determine whether CAP and CEMP1 expression is regulated by osteogenic induction (under OM), we first conducted a time-course experiment of heterogeneous PDLSCs from one donor and samples analyzed by RT-PCR (Supplemental Fig. 2 ). CAP expression gradually increased over time in the control group and did not appear to be affected by the osteogenic induction. CEMP1 expression in the control group increased as early as day 3 and remained high until day 15. The osteogenic induction appeared to decrease CEMP1 expression. ALP expressed at low levels at day 0 and gradually increased at day 15. The osteogenic induction appeared to decrease ALP expression after day 7 compared to the control counterparts. RUNX2 was expressed at moderate levels throughout and was not affected by the osteogenic induction.
BSP expression was below detectable levels throughout the experimental period. OCN expression increased after 7 days of induction and remained until the end of the experimental period on day 21. We then conducted qPCR for heterogeneous PDLSCs from three donors and found that CEMP1 expression in PDLSCs was downregulated under the osteo-inductive condition compared to controls and CAP decreased in either the control or the induced group after 15 days (Fig. 3a) . All osteogenic markers tested were upregulated over time especially after osteogenic induction compared to day 0 (Fig. 3b) . Further analysis of CAP and CEMP1 expression levels between the pool, ALP + and ALP − groups was performed. We found that, while CAP expression fluctuated, CEMP1 expression was reduced in all cell groups by osteogenic stimulus especially after 3 weeks (Fig. 3c) . Under the OM stimulation, cells continued to proliferate until confluence (normally within 2-3 days after OM addition) as shown in Supplemental Fig. 3 . The cell morphology of PDLSCs at low passages normally showed triangular, rectangular or spindle shapes and were often elongated (Supplemental Fig. 3a-a^) . After osteogenic stimulation, cells became over-confluent and it was difficult to observe individual cell morphology. Over time, mineral deposits began to appear either scattering or forming aggregates in cell cultures (Supplemental Fig. 3b, b' ). The longer the stimulation, the more mineral deposits could be seen, especially when revealed by Alizarin Red S stain (Supplemental Fig. 3c ).
Vitamin C treatment increased CAP and CEMP1 expression
We next tested the treatment of PDLSCs with VC and determined its effects on CAP and CEMP1 expression. It has been reported that VC treatment of PDLSCs promotes cell sheet formation and tissue regeneration (Wei et al. 2012 (Wei et al. , 2013 . We found that both genes were increased following VC treatment based on our qPCR analysis. CAP induction reached more than 2-fold in 1 week and decreased thereafter (p < 0.0001) (Fig. 4a) . CEMP1 also increased by 3-fold after 1 week and remained high until the end of the experiment period (3 weeks). Additionally, the CEMP1 levels in the control cultures also significantly increased over time (p < 0.0001) (Fig. 4b) ; however, the difference was not statistically significant with p = 0.0558 after adjusting for multiple hypothesis testing (Fig. 4c) . This p value suggests that there might be a difference if larger samples were tested.
We also tested osteogenic marker gene expression after VC treatment. We found that RUNX2 levels decreased over time in both control and VC-treated groups (Fig. 4d) . BSP showed some increase after VC treatment in the first 2 weeks. The control groups appeared unchanged over time (Fig. 4e) . OCN appeared increased over time in both control and VC-treated groups (Fig. 4f) . However, no difference was detected from those osteogenic genes between control and treatment groups using stringent statistical tests. The stemness gene expression NANOG and OCT4 was reduced in the VC-treated group compared to the control indicating that VC treatment caused the cells to be more differentiated (Fig. 4g, h ). The cells continued to grow after VC addition to cultures and reached an over-confluent state at the time of harvest. Morphologically, cell groups treated with VC were similar to those non-treated controls ( Supplemental Fig. 4 ).
Vitamin C treatment increased mineral tissue formation in vivo
In order to determine whether VC treatment can induce ectopic cementum formation in vivo, we conducted a wellestablished experimental procedures by mixing PDLSCs (VC-treated for 1 week) with the osteoinductive material HA/TCP and transplanted the mixture into the subcutaneous space of immunocompromised mice (Seo et al. 2004 ). We observed mineral tissue formation around the HA/TCP granules and observed that the capacity to form osteoid tissues varied among cells from different donors. As shown in Fig. 5a , cells from donor 2 was weak in such tissue formation. Based on quantitative analysis, the VC-treated cells consistently and significantly formed more osteoid tissues than the non-treated across the donors. The difference was significant either within each donor (1.5-to 4.6-fold higher; p < 0.01 or <0.001) or when compared altogether (p < 0.0001) (Fig. 5b) . Many pieces of mineral tissue in the samples were bone-like with a heavier eosin stain versus some areas of mineral tissue that were lightly stained indicating less calcification (Fig. 5c, d ).
One limitation of such a histological analysis of mineral tissue formation around the HA/TCP is the level of mineralization of 6 ) at passages 2-3 treated or not treated (control) with VC (20 μg/mL) for 1 week were mixed with 20 mg of HA/TCP and transplanted into SCID mice. Formed tissues were harvested after 3 months and decalcified for histological analysis. a-a^^' Mineral tissue formation around the HA/TCP granules by PDLSCs from three donors 1 (a, a'), 2 (a^, a^') and 3 (a^^, a^^'). b Quantitative analysis of mineral tissues. Cells from each donor were made duplicate for ectopic mineral tissue formation. There were a total of 12 tissue samples and each was sectioned into 9-12 sections (total 138 sections). Every section was analyzed using ImageJ as described in BMaterials and methods^. Data represent mean ± SEM for each donor (t test for two-tailed p values after Benjamini Hochberg adjustment; *p < 0.01; **p < 0.001) or combined for 3 donors (a mixed model with a donor and slide were random variables, treatment as a fixed variable. The treatment effect when comparing VC to control has a ***p value <0.0001). c, c' Magnified views of mineral tissues. Sample from donor 3. d-dŜ ample from donor 1, VC-treated group. Red arrowheads indicate mineral tissues. d Heavier mineral stain (right) versus lighter mineral stain (left). d' Light mineral stain. d^Heavy and light mineral stain located in the same mineral complex. e Collagen fibers (bundles) resembling Sharpey's fibers (blue arrowheads). Samples from (a^, a^') donor 2, VC-treated; e') donor 1, control; e^) donor 3, VC-treated. Ctrl: cells grown in regular medium; VC: cells treated with VC. Scale bar: (aa^^') 200 μm for all six images. Scale bars (c, c') 100 μm; (d, d') 100 μm, (d^) 50 μm; (e-e^) 30 μm the tissues, which can only be observationally determined by the characteristics of the structures and staining intensity.
It was noted that the more heavily stained mineral tissue appeared to have fewer or no well-aligned cells next to it and the cells were usually flat, whereas the lightly stained mineral tissue tended to have well-aligned round to cuboidal cells along its surface (Fig. 6d, d' red arrowheads) . Furthermore, the less calcified mineral tissue tended to show less-organized fiber orientations. More calcified mineral tissue showed lamellar lines (Supplemental Fig. 5 ). Some areas of the mineral tissue showed Sharpey's fiber-like structures throughout all samples examined (Fig. 5e) .
Detection of cemento-and osteo-genic markers by immunohistochemistry
We also performed immunohistochemistry to detect the expression of cementogenic and osteogenic gene products. Positive immunoreactivities of CAP, CEMP-1 and periostin were observed ( Fig. 6; Supplemental Fig. 6 ). CAP detection was associated with newly formed mineral tissues. CEMP1 and periostin were also detected in the mineral tissues and in some cells of the fibrous ligament-like connective tissues. In general, BSP staining in the mineral tissue was minimal to moderate and much weaker compared to CAP, CEMP1 and periostin, although many cells (cementoblasts-like) next to the mineral tissues or in the fibrous tissues were strongly BSPpositive. To determine that these regenerated tissues were at least in part produced by the transplanted hPDLSCs, we used antibodies against human mitochondria. As shown in Fig. 6 and Supplemental Fig. 6 , cells against the newly formed mineral tissues or HA/TCP granules were stained positively by the antibodies and some cells in the adjacent PDL-like were more weakly stained. This indicates that these cells in the regenerated tissues are transplanted human cells.
Discussion
Our present study has demonstrated that in the in vitro culture system, the osteogenic stimulus induces PDLSC osteogenic gene expression while downregulating cementogenic genes CEMP1 and CAP. The ALP + subpopulation of PDLSCs expresses slightly higher levels of CEMP1 and/or CAP than ALP − . VC treatment or over-confluence can increase cementogenic gene expression. After VC treatment, the ALP + subpopulation no longer expresses a higher CAP than ALP − . The VC treatment also increases the cementum-like mineral tissue formation in vivo. CAP and CEMP1 can be detected in these newly formed ectopic tissues.
As mentioned above, cememtogenesis is critical for periodontal regeneration. Cell-based therapy using PDLSCs has shown promise (Feng et al. 2010; Liu et al. 2008) . Although immortal cell lines from PDLSCs have been established (Hasegawa et al. 2010; Torii et al. 2015) , they are more useful as study models than for use for clinical therapy. Primary PDLSCs are needed for cell-based therapy for periodontal regeneration. Identifying a subpopulation or a simple treatment condition to allow transplanted PDLSCs participating in cementogenesis is needed. It has been difficult to separate subpopulations in PDLSCs that have a potential for osteogenesis or cementogenesis. The osteogenic induction by the commonly used protocol caused the reduction of CAP and CEMP1 expression as shown in our present study. This indicates that the osteogenic stimulus induces PDLSCs to commit toward osteoblasts while suppressing cementogenic pathways. Overexpressing CEMP1 in PDL cells, on the other hand, can enhance cementogenesis while suppressing osteogenesis of PDL cells as shown in other reports (Komaki et al. 2012) .
ALP plays a role in bone matrix mineralization and has been used as an early marker gene during osteogenesis and dentinogenesis (Hessle et al. 2002; Liu et al. 2005; Tsai et al. 2009; Viereck et al. 2002) . In the search for cementumforming populations within PDLSC populations, Komaki et al. (2012) identified that CEMP1 is more expressed in ALP + PDL cells but only a little in ALP − cells (Komaki et al. 2012) . However, our present study only observed a weak, if any, association in CAP expression (Fig. 2b ). This discrepancy of finding could be due to donor variations or the different methods used. Chen et al. (2006) performed in situ immunohistochemical staining and observed that STRO-1 and CD146 subpopulations of PDL cells appear to participate in the formation of cementoblasts in the inflamed condition in vivo (Chen et al. 2006) ; however, our in vitro analysis show no association of STRO-1, CD146, or STRO-1/ CD146 with CEMP1 and only a slight relationship with CAP ( Fig. 1e, e') . A genetic approach by overexpressing CEMP1 in PDLSCs can induce the cementogenic phenotype in vitro (Carmona-Rodríguez et al. 2007; Komaki et al. 2012) . The non-genetic approach was demonstrated that cultured PDLSC expressed CAP after 4 weeks in the presence of human recombinant CEMP1 (Hoz et al. 2012) , or by stimulation with BMPs (−2 and −7) (Torii et al. 2015) . However, BMP-2 was found to reduce CEMP-1 expression in PDL cells (Komaki et al. 2012) . Therefore, careful selection of protein factors is important to guide cementogenic lineages. Our data showed that, in cultured PDLSC populations, CEMP1 expression is detectable by PCR and western blot analysis and that CAP expression could be induced by longer culturing after cells became over-confluent or boosted by the addition of VC. This suggests the presence of cementogenic phenotypes in cultures without adding exogenous CEMP1. This autocrine signaling mechanism may induce some populations of PDLSCs to undergo cementogenic commitment.
The distinction of cementogenesis versus osteogenesis in vivo after transplantation of PDLSCs has also been elusive. When mixing PDLSCs with HA/TCP and inserting into the subcutaneous space of immunocompromised mice, cementum-like, or osteoid tissues (lacking bone marrow) were observed (Menicanin et al. 2014; Moshaverinia et al. 2013; Seo et al. 2004 Seo et al. , 2005 . PDLSCs were also used to regenerate periodontium in periodontal defects in a large animal study and in a subcutaneous model in mice showing newly formed cementum-like tissue on the root surface (Akizuki et al. 2005; Flores et al. 2008; Iwata et al. 2009 ). Transplanted PDLSCs are capable of forming cementum-like mineral tissue on a bio-root surface (Wei et al. 2013) .
While PDLSCs have been used to regenerate bone, it is unclear if the regenerated bone-like mineral tissue is bona fide bone containing bone marrow (Moshaverinia et al. 2013; Tour et al. 2012) . Interestingly, regardless of VC treatment, we observed that many mineral tissues formed in vivo were similar between the control and VC groups and no bone marrow formation was detected. Our immunohistochemical analysis was able to detect CAP, CEMP1 and periostin, suggesting the regenerated tissues are cementum-and PDL-like (AlvarezPérez et al. 2006; Arzate et al. 1992; Horiuchi et al. 1999; Liu et al. 1997; Romanos et al. 2014) . CAP was mainly in the newly formed mineral tissue but hardly in cells of the soft connective PDL-like tissue, which may explain why we could not detect CAP by western blots. BSP was detected in cells lining against the mineral tissues, which corresponds to the finding that BSP is expressed in cementoblasts during root development (D'Errico et al. 1997) . VC treatment has multiple effects on PDLSCs, including increased production of extracellular matrix such as type I collagen and integrin β1, as well as upregulation of stem cell markers OCT4, SOX2 and NANOG (Wei et al. 2012 ). This increased stemness expression appears to be overridden by the eventual differentiation toward cementogenic lineages evidenced by our current findings (Fig. 4g, h ). Fig. 6 Immunohistochemical analysis of ectopic tissues regenerated in vivo by PDLSCs. Specific antibodies against human CAP (a, b), CEMP1 (a', b'), periostin (a^, b^), BSP (c, d) and mitochondria (c', d') were used to detect these gene products in the tissues shown in Fig. 5 
Conclusions
In summary, our present study indicates that the commonly used osteogenic stimulus containing dexamethasone, VD 3 and β-glycerophosphate does not appear to help guide PDLSCs toward cementogenic lineages in vitro. In contrast, it does induce osteogenic marker expression. This suggests that, under such stimulus, pathways that induce more specific cementogenic genes are not induced but inhibited. VC, on the other hand, supports increased expression of cementogenic genes. Compared to genetic approaches or using recombinant proteins to induce cementogenic commitment, our finding on VC treatment alone for such a purpose is more feasible and safer for clinical cell-based periodontal regeneration.
